Introduction
Epidural steroid injections have been used to treat spinal pain worldwide for several decades. [1] [2] [3] However, the US Food and Drug Administration (FDA) issued a letter in 2014 warning that epidural corticosteroid injections used to control spinal pain may result in serious complications. 4 The FDA also stated that the effectiveness and safety of epidural corticosteroid injections have not been established and that this treatment is not approved for use in the treatment of spinal pain. The debate concerning epidural steroid therapy is ongoing, and an expert panel could not reach agreement on the subject. 5 Against this background, we have been seeking alternative medications for epidural use when attempting to reduce spinal pain and have become interested in the characteristics of hyaluronic acid (HA). HA is a carbohydrate polymer distributed widely in the connective and neural tissue and has many clinical applications, including intra-articular injection, 6, 7 soft tissue augmentation, 8 wound healing, 9 and prevention of adhesions after surgery, 10 because of its anti-inflammatory, lubricating, and antiadhesive properties. Moreover, HA is known to inhibit proliferation of macrophages
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Nahm et al and release of cytokines 11 and has been suggested to promote nerve regeneration. 12 Epidural adhesions are one of the major concerns after spinal surgery, and many treatment methods have been used to attenuate epidural adhesions related to spinal surgery. 13, 14 Because of its beneficial effects and ease of application, HA has attracted interest as an agent that could reduce epidural fibrosis after spinal surgery. Previous studies of the mechanism of action of HA in spinal pain have been performed mainly in the postoperative period. [15] [16] [17] However, there have been no studies on the effect of HA on spinal stenosis. Recently, there has been a report on increased concentrations of HA in cerebrospinal fluid (CSF), especially in patients with spinal disorders. 18 The increased HA concentrations in CSF are thought to be an essential component in the protection of cells and tissues in the spinal cord, and HA is suggested to play a role in the repair of tissues affected by mechanical stress or inflammation. 18 We hypothesized that the anti-inflammatory and antiadhesive effects of HA could have a therapeutic effect on spinal pain with causes other than surgery, for example, spinal stenosis. The purpose of this study was to evaluate the therapeutic effect of HA administered by the epidural route on pain induced by foraminal stenosis and to confirm the anti-adhesive and anti-inflammatory properties possibly related to its pain-relieving effect using a rat model of foraminal stenosis.
Materials and methods
Animal surgery and drugs
We followed the guide for the care and use of laboratory animals of the National Research Council and the ethical guidelines for animal research by Seoul National University Hospital. This study was approved by the Institutional Animal Care and Use Committees of Seoul National University Hospital (IACUC No. 09-2003-0060).
Male Sprague Dawley rats weighing 200-250 g were used in this study. They had free access to food and water and were housed individually in plastic cages with soft bedding under a 12-h light-dark cycle at a constant temperature of 20-22°C and a humidity level of 55-60%. The animals were acclimatized for at least 1 week before surgery.
The surgical procedure was performed aseptically under general anesthesia with 3% isoflurane and oxygen. The foraminal stenosis model was developed in accordance with a previously described method 19 but with some modifications. After the midline incision, the neural foramen of the left L 5 was exposed and a stainless steel rod 3 mm long and 0.6-0.8 mm wide was inserted into the foramen. Then, an epidural catheterization was performed at T 13 -L 1 intervertebral space following a previously described method. 20 A polyethylene tube (PE-10; Natsume Seisakusho Co., Ltd., Tokyo, Japan) was inserted into the epidural space and gently advanced ~3.0 cm in a caudal direction to place its tip between the L 5 and L 6 levels. All animals were allowed to recover for 3 days after epidural catheterization.
Following surgery, rats were excluded if blood or CSF was aspirated from the epidural catheter or if postoperative neurologic deficits were identified. The final study population comprised 76 rats. To verify the animal model in the first stage of this study, 10 rats from the foraminal stenosis group and 10 rats from the sham control group were selected. In the sham controls, the neural foramen of left L 5 was exposed, but the rod was not inserted and epidural catheterization was not performed. In the second stage, the remaining rats were divided into two groups and received epidural injection of either 0.1 mL of HA (Hyuran Plus   ®   ; LG Pharm, Seoul, Korea; HA group, n = 26) or 0.9% of saline solution (S group, n = 26) on postoperative day 3. To assess macroscopic epidural adhesion on the third postoperative day, four additional rats that underwent the same surgery including epidural catheter insertion but without epidural injection were sacrificed. For the macroscopic examination, seven and six rats in each group were sacrificed at 1 and 3 weeks, respectively, after epidural injection. Also for the microscopic examination, seven and six rats in each group were sacrificed at 1 and 3 weeks, respectively, after epidural injection ( Figure 1 ).
Behavioral testing
All behavioral tests were performed during the daylight (9 am to 3 pm) portion of the regulated circadian cycle by one researcher blinded to study group allocation. The mechanical threshold 21, 22 and motor function 23, 24 were assessed. To measure the mechanical threshold, each rat was placed in an individual plastic cage with a wire mesh bottom. After a 20-min acclimatization period, calibrated von Frey filaments (Stoelting Co., Wood Dale, IL, USA) of logarithmically incremental increasing stiffness (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.10 g) were applied to the mid-plantar surface of the hind paw. The mechanical threshold was assessed using an up-down statistical method. 21, 22 Motor function was assessed on a four-level scale. 24 The grades were defined as follows: grade 1 = normal gait with no foot deformities; grade 2 = normal gait with a marked foot deformity, including a plantar flexed toe or an inverted foot; grade 3 = slight gait disturbance in which a foot drop 
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Epidural hyaluronic acid for foraminal stenosis spinal canal from L 4 -L 6 and the left L 5 neural foramen were exposed. Fibrosis/adhesion was evaluated macroscopically by an investigator blinded to group allocation using the classification described by Rydell and Balazs 25 (grade 0 = no significant adhesions; grade 1 = thin, sparse, and easily broken adhesions; grade 2 = dense adhesions that can be disrupted with dissection; and grade 3 = adhesions so dense that they have to be cut with a knife.
For microscopic examination of the degree of fibrosis, inflammation, and segmental chromatolysis, the vertebral columns from L 4 -L 6 , including the dorsal root ganglion (DRG), nerve root, and spinal nerve of L 5 , were cropped en bloc and the overlying muscles were removed. The sample was post-fixed in a 10% buffered formalin solution for 48 h and then decalcified with 10% w/v ethylenediaminetetraacetic acid and embedded in a paraffin block. The slides were prepared from 4-μm sections and stained with hematoxylin and eosin. Masson's trichrome stains were also performed to evaluate the degree of perineural fibrosis. A blinded pathologist (GYC) assessed the histologic degree of fibrosis, inflammation, and segmental chromatolysis. The degree of fibrosis around the left L 5 DRG was assessed according to two histologic parameters, that is, character of fibrosis (loose vs dense) and extent of fibrosis (focal vs diffuse). Perineural fibrosis was evaluated on a 5-grade scale (grade 0 = absence of fibrosis, grade 1 = loose or focal fibrosis, grade 2 = loose or diffuse fibrosis [>50%], grade 3 = dense or focal fibrosis, and grade 4 = dense or diffuse fibrosis [>50%]; Figure 2 ).
The degree of inflammation was evaluated based on the grading system developed by Salafia et al 26 with minor modifications. Neither the HA group nor the S group showed any neutrophilic infiltration. Therefore, there was no evidence of acute suppurative inflammation. Chronic inflammation was assessed in the area where the most mononuclear inflammatory cells (lymphocytes, histiocytes, and plasma cells) were infiltrated. The degree of chronic inflammation was graded as follows: grade 0 = absent, grade 1 = one focus of at least five mononuclear inflammatory cells, grade 2 = more than one focus of grade 1 or at least one focus of 5-20 mononuclear inflammatory cells, grade 3 = multiple confluent foci of grade 2, and grade 4 = diffuse and dense inflammation. 26 For evaluation of segmental chromatolysis, the number of ganglion cells with segmental chromatolysis was counted. The percentage of ganglion cells with segmental chromatosis among all the ganglion cells in the DRG were compared between the two groups. Figure 3 shows the ganglion cells with segmental chromatolysis. was present; and grade 4 = severe gait disturbance with motor paresis of the ipsilateral hind paw. Motor dysfunction was defined as a grade >2. The rats were monitored for behavioral changes, including abnormal posture, lameness, and change in eating habits, as well as signs of agitation during epidural injection, such as convulsions, squealing, and hyperventilation. Behavioral tests were conducted before surgery, 3 days following surgery before epidural injection of the test solutions, and 1 and 4 h and 1, 2, 4, 7, 11, 14, and 21 days after the injection.
Histopathologic examination
Perineural adhesion/fibrosis and inflammation around the left L 5 neural foramen were assessed. The animals were anesthetized with 3% isoflurane and perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate. To examine perineural adhesion/fibrosis macroscopically, the 
Statistical analysis
Data are reported as mean ± standard error of the mean (SEM). The paw-withdrawal threshold was compared within each treatment group using repeated measures analysis of variance, followed by a multiple comparison with Bonferroni correction. Comparisons between the two groups at each time point were determined using the Wilcoxon rank-sum test. The degrees of perineural adhesion, fibrosis, and inflammation were analyzed using Fisher's exact test. The percentage of ganglion cells with segmental chromatolysis were analyzed using Wilcoxon rank-sum test. P-values <0.05 were considered to be statistically significant.
Results
Behavioral testing
All rats showed normal gait, normal feeding, and regular weight gain within 1 h after surgery. We observed no signs of agitation during epidural injection or any associated behavioral changes. The stainless steel rod inserted into the L 5 neural foramen produced a significant decrease in the withdrawal threshold post-surgery and remained stable for 21 days. 
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Epidural hyaluronic acid for foraminal stenosis Significantly more alleviation of hypersensitivity was seen in the HA group than in the S group at 4 h after the epidural injection (P < 0.001). This increased paw-withdrawal threshold remained for 3 weeks after the injection ( Figure 5 ).
Histopathologic examination
On macroscopic examination, all four rats that underwent surgery including epidural catheterization without epidural injection showed grade 1 adhesion around the left L 5 DRG Notes: Grade 0 = no significant adhesions; grade 1 = thin, sparse, and easily broken adhesions; grade 2 = dense adhesions that could be disrupted with dissection; and grade 3 = adhesions so dense that they had to be cut with knife. *P < 0.05 versus the corresponding S group. HA group, epidural injection of 0.1 mL of HA 3 days postoperatively in the rat foraminal stenosis model; S group, epidural injection of 0.1 mL of saline solution 3 days postoperatively. on postoperative day 3 immediately before the epidural injection. One week after the injection, the perineural adhesion had decreased significantly in the HA group (P = 0.025). However, we found no significant difference in the degree of adhesion between the groups 3 weeks after the injection (P = 0.303; Table 1 ). On microscopic examination, perineural f ibrosis decreased more in the HA group than in the S group after 1 week (P = 0.026). After 3 weeks, the degree of fibrosis was less in the HA group, but not significantly so (P = 0.061; Table 2 ). Microscopic evaluation showed no statistically significant difference in the degree of chronic inflammation between the HA group and the S group (Table 3) .
We found a significantly lower percentage of segmental chromatosis in ganglion cells in the HA group than in the S group after 1 week (P = 0.002; Figure 6) ; however, the difference was not statistically significant after 3 weeks (P = 0.082). 
Discussion
In this study, epidural administration of HA restored the decreased mechanical pain thresholds significantly. Therefore, we suggest that HA has a therapeutic effect on the allodynia or hyperalgesia induced by chronic compression of the DRG.
This study used the animal model of chronic steady compression of the DRG introduced by Hu and Xing. 19 Chronic compression of the DRG can produce intraneural edema and reduce blood flow to the somata of sensory nerve cells, causing a change in neuronal excitability, 27 thereby producing hyperalgesia to mechanical stimulation of the ganglioninjured hind paw. 28 In this study, all rats exhibited decreased mechanical and thermal thresholds post surgery. Thus, this model reflects the effects of HA on the sensory pathology caused by chronic compression of the DRG.
Epidural adhesion following spine surgery is a major cause of radiating pain with or without low back pain, 29 and much effort has been made to reduce epidural fibrosis. In this study, the degree of epidural fibrosis was significantly lower in the HA group than in the S group on macroscopic and microscopic examinations; these findings are consistent with the results of Songer et al, 30 who reported that epidural HA prevented development of epidural fibrosis after spine surgery in dogs. The antifibrotic effect of HA may be related to restoration of the mechanical threshold.
Inflammatory cells, such as macrophages, have been found to be present in the DRG after peripheral axotomy. 31 Some inflammatory mediators, including bradykinin, prostaglandin, and serotonin, enhance normal and injured sensory neuronal excitability, suggesting that inflammation is critical for generating neural sensitization. 23 In this study, inflammatory cells were found around the DRG, suggesting that the rod inserted into the L 5 neural foramen caused irritation and inflammation around the DRG. Therefore, chronic compression and secondary inflammation of the DRG may help to generate the hyperexcitability of DRG neurons. Conversely, we observed no significant difference between the experimental groups in terms of chronic inflammation. Microscopic differences in perineural fibrosis could have compensated for these results. The results of this study demonstrate that HA participated in tissue repair and wound healing. Tissue repair involves two processes, that is, regeneration and replacement by connective tissue, known as fibrosis. Although we found no statistically significant difference in inflammation in this study, the smaller change in fibrosis in the HA group does indicate an anti-inflammatory effect.
Similarly, segmental chromatosis of ganglion cells, which indicates segmental (not global) disintegration of nuclear chromatin, is evidence of chronic compression and continuous damage of the DRG. 32 Therefore, the smaller percentage of segmental chromatolysis in the HA group when compared with the S group indicates that HA had a protective effect on DRG injury and neural regeneration. This effect may be important in restoring the decreased mechanical thresholds induced by foraminal stenosis.
In our study, the degree of perineural fibrosis on histopathologic examination showed a significant difference between the groups at 1 week, but the difference had disappeared by 3 weeks. Because only one epidural injection was performed, it is unclear whether repeated epidural injections would have led to further improvement in histopathologic findings. Further investigation is needed on the long-term effect of HA injection into the epidural space, as well as the effect of repeated injections. 
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Conclusion
Epidural administration of HA restored the mechanical threshold induced by foraminal stenosis in rats. The lubricating, osmotic, and neural regeneration effects of HA may also have contributed to restoration of mechanical stimulation. Our results suggest that epidural HA effectively reduces the pain related to perineural adhesion. Furthermore, HA may be useful in interventional pain management, including epiduroscopic adhesiolysis and selective transforaminal injection, by minimizing readhesion and inflammatory changes.
